Abstract The association between ambient temperature and mortality has been studied extensively. Recent data suggest an independent role of diurnal temperature variations in increasing daily mortality. Elderly adults-a growing subgroup of the population in developed countries-may be more susceptible to the effects of temperature variations. The aim of this study was to determine whether variations in diurnal temperature were associated with daily nonaccidental mortality among residents of Montreal, Québec, who were 65 years of age and over during the period between 1984 and 2007. We used distributed lag nonlinear Poisson models constrained over a 30-day lag period, adjusted for temporal trends, mean daily temperature, and mean daily concentrations of nitrogen dioxide and ozone to estimate changes in daily mortality with diurnal temperature. We found, over the 30 day lag period, a cumulative increase in daily mortality of 5.12 % [95 % confidence interval (CI): 0.02-10.49 %] for a change from 5.9°C to 11.1°C (25th to 75th percentiles) in diurnal temperature, and a 11.27 % (95%CI: 2.08-21.29 %) increase in mortality associated with an increase of diurnal temperature from 11.1 to 17.5°C (75th to 99th percentiles). The results were relatively robust to adjustment for daily mean temperature. We found that, in Montreal, diurnal variations in temperature are associated with a small increase in non-accidental mortality among the elderly population. More studies are needed in different geographical locations to confirm this effect.
Introduction
The effects on human health of increasing temperatures are underscored by extremely hot episodes, such as during the summer of 2003 in Europe (Conti et al. 2007; Garssen et al. 2005; LeTertre et al. 2006; Schar and Jendritzky 2004; Simon et al. 2005; Vandentorren et al. 2004) or the summer of 1995 in Chicago (Kaiser et al. 2007; Semenza et al. 1996; Whitman et al. 1997) .
Substantial data from around the world have shown an association between increased daily temperatures-usually above a location-specific "threshold"-and increased counts of mortality and hospitalizations (Basu and Samet 2002; Doyon et al. 2008; Gosling et al. 2009; Gouveia et al. 2003; Kovats et al. 1998; Martens 1998; McMichael et al. 2006) . The adverse effects of increased temperatures can be prolonged for several days (so-called lagged effects) (Braga et al. 2002; Conti et al. 2005; Curriero et al. 2002; Davis et al. 2003, b; Dessai 2002; Donaldson et al. 2001 Donaldson et al. , 2003 Goldberg et al. 2011; Gosling et al. 2007; Gouveia et al. 2003; Hajat et al. 2005; Huynen et al. 2001; Keatinge et al. 2000; Michelozzi et al. 2005; O'Neill et al. 2003; Páldy et al. 2005; Pattenden et al. 2003; Sartor et al. 1995; Vandentorren et al. 2004 ). In addition, there is evidence suggesting that colder than normal temperatures can increase risk (Carson et al. 2001; Doyon et al. 2008; Goodwin 2007; Gouveia et al. 2003; Kovats et al. 1998; Martens 1998; McMichael et al. 2006) , and that these effects can be delayed for as long as 2 weeks into the future (Braga et al. 2002; Goldberg et al. 2011; Gouveia et al. 2003; Huynen et al. 2001; Pattenden et al. 2003) .
Changes in temperature during a day (diurnal variability) may also affect health. The diurnal temperature range has been defined by the US National Weather Service (NOAA National Weather Service 2009) as the temperature difference between the minimum at night and the maximum during the day. This meteorological indicator has been shown to be decreasing over time in some parts of the world such as in the United States but increasing in others such as India (Easterling et al. 1997 ) and parts of Europe (Makowski et al. 2008) .
The short-term effects on daily mortality of diurnal variations in temperature have been investigated in a handful of studies (Cao et al. 2009; Kan et al. 2007; Liang et al. 2009; Song et al. 2008; Tam et al. 2009 ). These analyses were conducted in south-east Asia where the typical range of diurnal temperature variation is between 1 and 16°C (Kan et al. 2007) , and comprised relatively short time series of 4-6 years. The results from these analyses indicated a 1.37 % to 2.46 % increase in mortality for each 1°C increase in diurnal temperature range, after adjusting for mean temperature, relative humidity and air pollution (Cao et al. 2009; Kan et al. 2007; Liang et al. 2009; Song et al. 2008; Tam et al. 2009 ).
The elderly may be more susceptible to the effects of temperature variations, including diurnal changes. There are certain alterations of the thermoregulatory mechanisms that develop with age that may increase the susceptibility to the effects of both cold and heat (Beers et al. 2004; Miller 2009 ). Those mechanisms include those that interfere with thermoregulation in cold environments, e.g., thinning of the subcutaneous layer of fat that provides insulation, delayed and diminished shivering reflex, decreased muscle mass to provide additional heat, reduced peripheral circulation (giving the sensation of cold in the extremities), and an inefficient reduction of blood flow to the skin (Beers et al. 2004; Miller 2009; Worfolk 2000) . Because the number of sweat glands decreases with age, the threshold for the onset of sweating in warm environments is higher and the response to heat is reduced as compared to younger adults; the result is a diminished cooling effect from perspiration (Miller 2009; Worfolk 2000) . There is also a decreased vasodilatation response, which a diminished cardiac output cannot counterbalance. The thirst response is delayed, and access to replenishing liquids may be impeded in people with reduced mobility (Barrow and Clark 1998) . In addition, the neuro-sensory reflexes in older adults are delayed and decreased, dulling their awareness of temperature variations (Miller 2009 ).
The physiological changes in thermoregulatory mechanisms in the elderly often combine with pathological conditions, increased use of medication, and lack of social support (Gemmell et al. 2000; Havenith 2005) . Socioeconomic factors most commonly associated with mortality in the elderly during extreme heat or cold events are poverty, social isolation (Worfolk 2000) and the level of dependency (Belmin et al. 2007 ). Belmin and collaborators found an association between the level of dependency and daily mortality among the elderly population in France during the August 2003 heat wave, explained most likely by a direct impact on the self-protective behavior against heat through impaired cognitive functioning and mobility (Belmin et al. 2007 ).
To date, no studies have been conducted in geographical areas where daily variations in temperature have a large range and where there is a large proportion of elderly adults, as in many developed countries such as Canada (Statistics Canada 2012). The Montreal area of Québec is in the North Temperate Zone and, consequently, daily mean temperatures as well as the diurnal temperature range vary considerably. We thus decided to investigate whether changes in the diurnal temperature range were associated with nonaccidental mortality among the elderly population of Montreal.
Materials and methods

The study population
The study population comprised residents of the Montreal metropolitan area who were 65 years of age and older, and who died between 1984 and 2007 in Montreal from any non-accidental cause. Deceased subjects, and their cause of death and age at death, were identified from the Québec computerized provincial database of death certificates (coded according to the Ninth and Tenth Revisions of the International Classification of Diseases; ICD 9: 1-799 and ICD 10: A00-R99). Approval to have access to the denominalized mortality data was granted by the provincial agency responsible for allowing access to public data (Commission de l'accès à l'information du Québec) and ethical approval was granted by the Institutional Review Board of the Faculty of Medicine, McGill University.
Weather and air pollution data Hourly records of temperature, relative humidity, barometric pressure and other weather parameters measured at Montreal's Pierre-Elliot-Trudeau International Airport were obtained from the Environment Canada website (Environment Canada-National Climate Data and Information Archive 2010).
We calculated the diurnal temperature range as the difference between the maximum and minimum daily temperature.
The air pollution data comprised hourly measurements of a number of criteria gaseous pollutants [sulfur dioxide, carbon monoxide, nitrogen dioxide (NO 2 ), ozone (O 3 )] at fixed-site monitoring stations in Montreal. We chose to include two of these as covariates in the substantive analysis: NO 2 was measured at eight stations using chemiluminescence and O 3 was measured at nine stations using ultraviolet absorption. Mean daily concentrations of NO 2 and O 3 were derived by taking a simple daily average for each monitor and then averaging these across monitors to obtain a final daily mean value. Daily measurements of fine particulates during the entire period of study were not available.
Statistical methods
We used a generalized non-linear Poisson regression model to assess the association between the diurnal temperature range and daily counts of non-accidental mortality. The generalization of the distributed lag models (Neuberger et al. 2007; Zanobetti et al. 2000) referred to as the distributed lag non-linear models (dlnm) was developed by Armstrong and Gasparrini (Armstrong 2006; Gasparrini et al. 2010 ). These models allow for simultaneous estimation of multiple non-linear function terms across lags of covariates with delayed dependencies in the association. In these models, the total variance is assumed to be proportional to the number of deaths per day, so we used quasi-likelihood Poisson models to account for extra Poisson variation.
As a first step in the analysis we applied a temporal smoother to remove the long-term, seasonal and subseasonal trends from the mortality time series using a natural cubic spline function on day of study, and we also included a categorical term for day of the week. We selected 7 degrees of freedom (df) per year for the temporal smoother as suggested in the analyses of the National Morbidity, Mortality and Air Pollution Study (Samet et al. 2000) and our analysis of temperature in Montreal (Goldberg et al. 2011) .
We estimated the lagged non-linear effect of the range of diurnal temperature on mortality using the dlnm models, as implemented in the R statistical package (version 2.11.1, http://www.r-project.org/). This method allows the definition of a cross-basis function that is a combination of basis functions for the two dimensions of range of diurnal temperature and lag period. We constrained the dlnm models up to lag 30 days. We used cubic B-splines to model all functions of temperature (diurnal, mean) with knots chosen from the quantiles of the specific temperature range distribution. From these models, we also estimated the effects on mortality between selected cut-points of the temperature range distribution (1st, 25th, 75th and 99th percentiles).
We adjusted for the potential confounding effect of the two air pollutants with a linear distributed lag function from 0 to 2 days. This 3-day lag was based on previous analyses that showed that the effects of air pollution did not persist past lag 2 days and that the response functions were consistent with linearity (Brook et al. 2007; Goldberg 2003; Goldberg et al. 2006 Goldberg et al. , 2011 .
We carried out sensitivity analyses using temporal smoothers with 5, 9, 11 and 13 df per year. We also conducted a sensitivity analysis that made use of the same covariates and functional forms, but used for the diurnal temperature range the interval 07:00 hours to 22:00 hours, instead of the 24 h data, to better reflect individual exposure to changes in temperature. Another sensitivity analysis was based on dlnm models constrained to a 15-day lag period, instead of the 30-day lag used in the base model. We also conducted separate analyses for men and women.
Results Table 1 shows the distributions across all days of the study, 1984-2007, of daily non-accidental mortality and selected metrics of temperature and air pollution. The mean number of daily non-accidental deaths among persons aged 65 years and older was 30.3, varying from 6 to 79 deaths per day (variance of 47.6). The average diurnal temperature range in Montreal was 8.6°C, varying from 0.7 to 28.1°C (interquartile range of 5.2°C). The mean temperature was 7.1°C, ranging from −27.6°C to 29.2°C, and mean daily concentrations of NO 2 and O 3 were 38 μg/m 3 and 33 μg/m 3 , respectively. Table 2 shows modest Spearman correlation coefficients (r) between diurnal temperature range and mean temperature (r=0.24), O 3 (r=0.25), and NO 2 (r=0.13).
Our primary model comprised a natural cubic spline smoother for day of study using 7 df per year and a categorical term for day of the week. We modeled the response function of the diurnal temperature range using a cubic Bspline with 3 df and a natural cubic spline for the lag space of 3 df. This base model had a serial autocorrelation coefficient that approached zero at lag 5 days and an overdispersion parameter of 1.09. Using a distributed lag model constrained over 3 days, we then included non-linear terms for mean temperature using a cubic B-spline with 3 df, as well as terms for the two air pollutants, NO 2 and O 3 , in which the response functions and the lag space were modeled as linear functions.
The results of our primary models are shown in Fig. 1 , where we plot the cumulative effects of the diurnal temperature range accumulated over the concurrent day up to 30 days of lag. An increase in cumulative mortality of the diurnal temperature range was observed starting about 10°C and increased monotonically, although after about 17°C the number of days with extreme values was very small and thus the confidence intervals were broad; thus, one should not over-interpret the downward curvature. The models presented in the middle and right panels show that this association was relatively robust to adjustment for mean temperature and mean concentration of the two air pollutants, although the response functions were attenuated.
To illustrate the response functions at different lags, we show in Fig. 2 the functions evaluated at lag 0 and lag 4 days, as derived from the models described above. The three panels show the results from the base model (left), the model adjusted for mean daily temperature (middle), and the model adjusted for mean temperature and air pollution (right). As with the cumulative effect, there were few days with high values of the diurnal temperature range and adjusting for both mean temperature and air pollution reduced the effect of diurnal temperature variations on mortality. Table 3 shows the numerical results for the cumulative model and the lagged models that were adjusted only for temporal effects (derived from the same models as shown in the figures above). The columns show the percent change in daily mortality comparing the 25th percentile (5.9°C) to the 1st percentile (1.8°C) of the diurnal temperature range distribution, the 75th percentile (11.1°C) to the 25th percentile, and the 99th percentile (17.5°C) to the 75th percentile, respectively. The cumulative mean percent change in mortality was 5.12 % (95 % CI: 0.02-10.49 %) when the diurnal temperature range increased from 6°C to 11°C. The effects were strongest on the concurrent day, but persisted through lag 9 days. A more pronounced cumulative effect was observed for larger values of the diurnal temperature range, as shown in the third column, but the small number of days with values of the diurnal temperature range greater than the 75th percentile (216 days in Diurnal temperature range RR Effect on mortality at lag 4, model adjusted for mean temperature and air pollution Fig. 2 Effects of diurnal temperature range on daily non-accidental mortality among persons 65 years of age and over evaluated at 0 and 4 lag days from distributed lag non-linear models, Montreal, 1984 Montreal, -2007 . The adjusted models also included a natural cubic spline with 3df for mean daily temperature (middle panel) and linear terms for nitrogen dioxide and ozone (right panel). The y-axis represents the relative increase in daily counts of mortality with respect to the mean diurnal temperature range value (5.9°C), the maximum likelihood estimate is shown as a smooth line and the shaded area represents the 95% confidence interval the 24 year study period) increased the uncertainty of these estimates. Table 4 shows the cumulative and lagged percent changes in daily non-accidental mortality from the base model and from models including the two air pollutants and mean daily temperature. We show comparisons only in the percent change in daily mortality between the 75th percentile (11.1°C) and the 25th percentile (5.9°C). Adjusting for daily mean temperature increased the cumulative effect slightly to 6.28 % (95 % CI: 1.04-11.78 %) but adjustment for daily air pollution attenuated the effect to 4.46 % (95%CI: −0.71-9.91 %).
Sensitivity analysis
We conducted sensitivity analyses using temporal smoothers with varying degrees of freedom (Annex Table 1 and Annex Figure 1 ). We found that the effects of diurnal temperature range on mortality were fairly similar when using temporal smoothers with 5 or 7 df per year. However, temporal smoothers with 9 or 13 df per year seemed to be over-fitting the data as the autocorrelation coefficients within 15 day lags were mostly negative (Annex Table 1 ). We also carried out analyses of models in which the number of degrees of freedom for both the variable space and lag space were varied, using temporal smoothers with 5 df (Annex Figure 3) , 7 df (Annex Figure 2 ) and 9 df (Annex Figure 4) per year, respectively, but we found no important differences in the response functions. When a subset of data using only the 07:00-22:00 hours time interval was used to better reflect exposure to diurnal temperature variations of the study population (Annex Figure 5) , the effects on mortality were slightly reduced but still present for the cumulative effect.
We also carried out a separate analysis using models constrained to 15 lag days instead of the 30 days used in the main analyses. The results obtained were very similar (Annex Figure 6 and Annex Table 2 ). Lastly, we found no important differences between genders (Annex Figure 7) .
Discussion
The association between short-term changes in ambient temperature and daily mortality has been described widely in the literature. A few recent papers support the hypothesis that diurnal variations in temperature may also have an impact on daily mortality, independent of the effect of mean temperature (Cao et al. 2009; Kan et al. 2007; Song et al. 2008; Tam et al. 2009 ) and robust to adjustment for air pollution (Cao et al. 2009; Kan et al. 2007; Song et al. 2008) . In Shanghai, a time-series analysis showed a a The model included a cubic B-spline (3 df) for the diurnal temperature range effect on mortality, natural cubic splines for lag (3 df) and temporal smoother (7 df), and a linear term for the day of the week b 1st percentile=1.8°C, 25th percentile=5.9°C, 75th percentile=11.1°C, 99th percentile=17.5°C
1.37 % (95 % CI: 1.08-1.65 %) increase in total nonaccidental mortality, 1.86 % (95 % CI: 1.40-2.32 %) increase in cardiovascular mortality, and a 1.29 % (95 % CI: 0.49-2.09 %) increase in respiratory mortality for a 1°C increase in the 3-day moving average for diurnal temperature range (Kan et al. 2007) . Subsequent studies showed a 1.25 % (95 % CI: 0.35-2.15 %) increase in deaths from chronic obstructive pulmonary disease for a 1°C increase in the 4-day moving average of diurnal temperature range (Song et al. 2008 ) and a 2.46 % (95 % CI: 1.76-3.16 %) increase in coronary heart disease mortality for a 1°C increase in the 2-day lagged diurnal temperature range (Cao et al. 2009 ). In a bidirectional case-crossover analysis, Cao et al. (2009) reported a 2.13 % (95 % CI: 1.04-3.22 %) increase per 1°C increase in the 2-day lagged diurnal temperature range. In Hong Kong, Tam et al. (2009) reported a 1.7 % increase in cardiovascular mortality among the elderly per 1°C increase in diurnal temperature range at lag days 0-3, while in Shanghai, Liang et al. (2009) found a 14 % (95 % CI: 0.8-28.8 %) increase in the number of hospital admissions for chronic obstructive pulmonary disease with each 1°C increase in the diurnal temperature range above 9.6°C.
In our analysis of the impact of variations of diurnal temperature on daily mortality of residents of Montreal aged 65 years and older during the period 1984-2007, we found a 5.12 % (95 % CI: 0.02 to 10.49 %) increase in the cumulative effects on mortality for an increase of the diurnal temperature range from 6°C to 11°C. When diurnal temperature increased from 11°C to 17.5°C we found a 11.27 % (95%CI: 2.08 to 21.29 %) increase in mortality, but the small number of days when such values were recorded (216 days in the 24 year study period) increased the uncertainty of the estimates. The effect was strongest on the concurrent day, persisted through lag 9 days, and was relatively robust to adjustment to mean temperature. We did not find any statistical interactions between diurnal temperature variations and air pollution although there was some confounding. When air pollution (NO 2 , O 3 ) was added to the model, the effects on mortality were attenuated. Although confounding is study-specific, the difference in findings may also be influenced by the climatic characteristics of the locations. While south-east Asia has a sub-tropical climate with abundant rainfall and relatively small variations in diurnal temperatures (Kan et al. 2007 ), Montreal has a cold and humid continental (Kan et al. 2007) , 5-day (Cao et al. 2009 ) or 8-day (Tam et al. 2009 ) lag periods were preferred in other studies, and using a 24-year time series while the results reported in the literature were drawn from 4 or 6 year time series (Cao et al. 2009; Kan et al. 2007; Song et al. 2008; Tam et al. 2009 ). We acknowledge the uncertainty regarding the appropriateness of adjusting for air pollution in the statistical model, as the effect of air pollution on mortality was shown to be influenced by temperature (Ren et al. 2008; Ren and Tong 2006; Roberts 2004) . One important limitation of the present study, and other studies as well, is the use of ambient temperature measured at fixed stations (usually airport weather stations) to compute the diurnal temperature range, as it is known that there are spatial variations in temperature especially in urban areas. For example, the variance in surface temperature in Montreal in the warm season measured from satellite images was between 3.24 and 5.29°C (Smargiassi et al. 2009 ). However, a recent study comparing spatiotemporal and time series models concluded that "Time series models using non-spatial temperatures were equally good at estimating the city-wide associations between temperature and mortality as spatiotemporal models" (Guo et al. 2013) .
In assessing the confounding effect of air pollution, we did not account for the effect of concentrations of fine particles, as daily measurements were not available. It is unlikely that this affected the findings greatly, as the two air pollutants included in our analysis can be used to account for variations in air pollution in the cold and warm periods of the year. We also could not account for the effect of infectious disease epidemics as such data were not available through administrative databases. The temporal smoothers would likely account for most of these effects, should they exist.
In conclusion, we found that, in Montreal, daily diurnal variations in temperature were associated with a small increase in mortality among the elderly population. This study is the only one that we are aware of to assess the impact of diurnal temperature variations on mortality in North America. Further research in different geographical locations is needed to confirm these results. Focusing on cause-specific mortality, such as from chronic cardio-vascular or respiratory conditions, may also be of importance since these illnesses are especially common in the elderly. If effects such as the ones we described or the ones reported in the Asian studies are confirmed by future research, the contribution of diurnal temperature variations needs to be taken into account, along with the effects of ambient temperature, for projections of the impact of extreme weather events on human health.
